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RHEOMETER WITH FLOW DIVERTER TO
ELIMINATE END EFFECTS

BACKGROUND OF THE INVENTION

This invention relates to rheometers used for measur-
ing fluid characteristics such as viscosity, which rheom-
eters would but for the present invention tend to pro-
vide inaccurate measurements due to significant adverse
end effects created by swirling fluid.

Various industries may need to test fluids to deter-
mine if they are suitable for their intended use. Fluid
properties are often measured within pressurized envi-
ronments. Fluid properties may be measured at elevated
temperatures which may require pressure to prevent
boiling. Certain fluids have a tendency to entrain air and
fluid pressure is required to compress the air bubbles 1n
the fluid. In real-time monitoring of processes, the fluid
is continuously or semi-continuously pumped through
the instrument at the process conditions. |

Such fluids are often characterized as either Newto-
nian or non-Newtonian. To characterize a fluid as one
of these, shear stress versus shear rate measurements are
made. In Newtonian fluids, the shear stress versus shear
rate is a constant called viscosity. Examples of Newto-
nian fluids are water and certain oils. In non-Newtonian
fluids, the shear stress versus shear rate is not constant.
Non-Newtonian fluids are classified by their shear stress
versus shear rate curves as Power law, Bingham, or
Pseudoplastic fluids. Examples of non-Newtonian fluids
are gels, drilling muds, and cements. In non-Newtonian
fluids, certain rheological properties or characteristics,
such as n’, K’, yield stress, consistency, etc. are mea-
sured.

An apparatus used to measure shear stress versus
shear rate is referred to herein as a rheometer, which
term as used herein encompasses both multiple-speed
testing and single-speed testing devices (the latter con-
ventionally being referred to as a “viscometer” even if
performed by the identical instrument capable of multi-
ple-speed testing). In one embodiment, a rheometer is a
couette type instrument in which a cup is turned at a

constant speed or shear rate within a body of fluid con-

tained in a chamber of a housing. A bob is suspended
inside the cup. Fluid between the bob and cup imparts a
torque or shear stress on the bob. This torque is mea-
sured and converted to the desired parameter viscosity)
in a known manner. In an alternative embodiment, a
paddle may be suspended inside the rotating cup. The
resulting torque on the paddie can then be measured

and converted to a fluid parameter (e.g., consistency).
In one such type of instrument, such as the Fann

35/50 series of rheometers, the sleeve of the rotating
cup ends just after the bottom of the bob and the level
of the fluid in the chamber does not extend much above
the top of the bob. As a result, there 1s little swirl in the
fluid at the respective ends of the bob. Because there is
little swirl, the fluid imposes practically no effects on
the ends of the bob to distort the measurement. Any
such “end effects” which remain are essentially linear
and can be readily compensated.

In a pressurized type of instrument, however, the
entire system is full of fluid and in many such devices
the bob is a thin walled tube because an extremely light
part is needed. This common on devices such as the
Brookfield TT-100 and the Brookfield TT-200. The
combination of the device being filled with fluid along
with the bob being basically a hollow tube makes the
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readings of this type of rheometer erratic and inconsis-
tent. 'This because in this configuration the tested fluid
undergoes moderate to very high swirl which creates
moderate to very high non-linear end effects adversely
affecting the rotation of the thin-wailed type bob,
thereby affecting the measurements that are responsive
to such rotation. Thus, there is the need for an improved
instrument of this type which does not undergo such

adverse end effects and which thus provides consistent,
accurate measurements.

SUMMARY OF THE INVENTION

The present invention overcomes the above-noted
and other shortcomings of the prior art and meets the
aforementioned need by providing a novel and im-
proved rheometer which does not undergo adverse end
effects. The invention combines a thin walled type of
bob with fixed flow diverters to eliminate the adverse
end effects. This results in readings that are free of the

inconsistencies noted in other rotational rheometers. It
1s contemplated that this invention can be applied to all

rotational rheological devices having end effect prob-
lems.

The rheometer of the present invention comprises a
housing having a chamber defined therein for receiving
a fluid. The rheometer also comprises a bob disposed in
the chamber, which bob includes a side wall and an end
member disposed at an end of the side wall. The side
wall and end member define a cavity in the bob wherein -
the cavity is open at another end of the side wall oppo-

site the end member. The rheometer further comprises

a flow diverter plate suspended in the chamber adjacent
one of the ends of the bob.

In the preferred embodiment, the rheometer still
further comprises another flow diverter plate. This

other flow diverter plate is suspended in the chamber

adjacent the other end of the bob. Also included in the

preferred embodiment is support means for suspending
the flow diverter plates in the chamber, wherein the

~ support means is connected to the housing and the flow
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diverter plates and passes through the bob.

Therefore, from the foregoing, it is a general object
of the present invention to provide a novel and im-
proved rheometer which does not undergo adverse end
effects. Other and further objects, features and advan-
tages of the present invention will be readily apparent to
those skilled in the art when the following description
of the preferred embodiment is read in conjunction with
the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a partially sectioned end view of a rheome-
ter containing the preferred embodiment of the present
invention.

FIG. 2 1s a sectional view of the rheometer taken
along line 2—2 1n FIG. 1.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT

The present invention is implemented in its preferred
embodiment as part of a rheometer wherein angular
motion or torque of a bob is measured. The measured
angular motion or torque is proportional to a rheologi-
cal characteristic of a fluid in the rheometer. Various
characteristics, such as consistency or cross-link time,
can be measured in this way. In one use of the preferred
embodiment described herein, viscosity is the measured
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charactenstic and thus the rheometer could be called a
viscometer; however, the broader term ‘“rheometer”
will be used. The preferred embodiment rheometer is
shown 1n FIGS. 1 and 2.

Referring primarily to FIG. 2, the rheometer includes
a motor 2, such as a DC servo motor, connected by
screws and lock washers 4 to a motor mount 6 forming
an end member of a motor housing also including a
sleeve 8 and a cap member 10. These pieces are con-
nected by screws and lock washers 12 as shown in FIG.
2. To get electrical signals to and from the motor 2, a
connector 14 is mounted in the cap member 10 (the
electrical connections are not shown but include two
wires for the drive circuit to the motor and two wires
for a tachometer circuit).

The rotor of the motor 2 rotates a drive shaft 16
which passes through a seal 18 mounted in the motor
mount 6. The drive shaft 16 extends into a motor mount
spacer 20 also connected to the motor housing by two
of the screws and lock washers 12. The motor mount
spacer 20 1s connected to a bearing housing 22 by
screws and lock washers 24. The bearing housing 22
carries ball bearings 26 separated by a bearing spacer 28
and secured in the bearing housing 22 by a bearing nut
30. The bearing housing 22 also carries a seal 32.

The bearing housing 22 forms an end member of the
pressure housing of the rheometer. The pressure hous-
ing of the preferred embodiment comprises a main rhe-
ometer body 34 and a sensing means mounting body 36.

The main rheometer body 34 includes the aforemen-
tioned bearing housing 22 and a cylindrical sleeve 38 to
which the bearing housing 22 i1s connected by screws
and lock washers 40. The main rheometer body 34 also
includes a cylindrical sleeve 42 connected by screws
and lock washers 44 to the sleeve 38. A main body end
member 46 also included in the main rheometer body 34
is connected by screws and lock washers 48 to the
sleeve 42. These components are sealed by O-rings 50,
52, 54. A cylindrical compartment 56 is defined in the
main rheometer body 34 by the inner surfaces of the
facing bearing housing 22 and end member 46 and the
inner surfaces of the sleeves 38, 42. Longitudinally
spaced ports 58 defined 1n the sleeves 38, 42 provide for
the communication of fluid under pressure with the
compartment 56. The compartment 56 forms part of an
overall chamber in the rheometer housing. This cham-
ber also includes a compartment 60 defined in the sens-
ing means mounting body 36.

The sensing means mounting body 36 includes an
extension member 62 welded to the main body sleeve 42
so that a cylindrical channel of the compartment 60
defined in the extension member 62 communicates with
~ the compartment 56 through a port 64 defined through
the sleeve 42. Access ports 66 communicating with the
compartment 60 are defined in the extension member 62
for a purpose to be described subsequently. As shown in
the drawings, these ports 66 are closed by respective
plugs 70 carrying respective O-rings 72.

Referring to FIG. 1, the sensing means mounting
body 36 also includes a fluid isolation member 74
screwed into a threaded aperture of the extension mem-
ber 62. This connection is fluid tightly sealed by an
O-ring 76. The fluid 1solation member 74 has an inner
surface 78 defining a cylindrical channel 80 forming
another part of the compartment 60 of the sensing
means mounting body 36 and thus forming part of the
overall chamber of the pressure housing of the rheome-

ter.
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Welded to the outer surface of the extension member
62 is an annular sub mount 82 (FIG. 1) to which a hol-
low cylindrical cover 84 is threadedly connected. An
O-ring 86 provides a seal between the sub mount 82 and
the cover 84.

The rheometer shown in the drawings also includes a
member which 1s driven by the motor 2. Referring to
FIG. 2, this member is particularly a rotatable cup 88
having a shaft 90 connected to the drive shaft 16 of the
motor 2 by a flex coupling 92. The shaft 90 is an integral
part of the cup 88 and extends from an end wall 94
which has openings 96 defined therein. Extending from
the periphery of the end wall 94 opposite the shaft 90
end of the cup 88 to a free end of the cup 88 is a cylindri-
cal side wall sleeve 98. This is a conventional rheometer
cup of a type as known in the art, and it is rotated about
the axis of the shaft 90 which is journaled in the ball
bearings 26. A hollow region 100 is defined within the
cup 88 by the inner surfaces of the end wall 94 and the
side wall 98.

The rheometer further comprises reaction means for
reacting to a characteristic of the fluid in the chamber of
the rheometer. Specifically in the rheometer, the reac-
tion means moves in the chamber in response to a rheo-
logical characteristic, namely viscosity, of the fluid
which is typically pressurized in the chamber. In the
preferred embodiment, the reaction means is embodied
by a rotatable member 102 typically referred to as a bob.
The bob 102 includes an end member or cap 104 and a
cylindrical side wall sleeve 106. The sleeve 106 is con-
nected to the cap 104 by a press fit and an adhesive such
as epoxy. The end member 104 and the side wall 106
define in the bob 102 a cavity 108 which is open at the
end of the side wall 106 opposite the end member 104.

The bob 102 is concentric within the rheometer cup
88 so that the end member 104 of the bob 102 is paraliel
to the end wall 94 of the cut 88 and so that the side walls
thereof are parallel and concentric. In the preferred
embodiment, the bob 102 is suspended in the hollow
region 100 of the cup 88 by a flexible solid rod 110
connected at one end to the end member 46 of the main
rheometer body 34 and at its other end to the end mem-
ber 104 of the bob 102. These end connections are made
by brazing (e.g., silver soldering) the rod 110 to respec-
tive metallic mounts 112 secured in their respective
supports by screws and lock washers 114. The rod 110
defines the axis of rotation of the bob 102. As known in
the art, such rotation preferably includes only limited
angular motion about the axis of rotation (namely, a few
degrees of rotation).

Still referring to FIG. 2, the rheometer of the pre-
ferred embodiment also includes two flow diverter
plates 116, 118. The flow diverter plates 116, 118 elimi-
nate swirling of the pressurized fluid adjacent the re-
spective ends of the bob 102 and thereby eliminate ad-
verse end effects. The flow diverter plate 116 is dis-
posed within the hollow interior 100 of the cup 88 in
between the end walls of the cup 88 and the bob 102. It
1s preferably adjacent but spaced from the end member
104 of the bob 102. The flow diverter plate 118 is adja-
cent but spaced from the open end of the bob 102 and
the free end of the cup 88. The spacing of each of the
flow diverter plates 116, 118 from its respective end of
the bob 102 is preferably within the range of about 0.05
inch to about 0.50 inch. Each of the flow diverter plates

116, 118 of the preferred embodiment has a circular
shape and is rigid.
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The diameter of the flow diverter plate 116 of the
preferred embodiment is approximately the diameter of
the bob 102, which is slightly less (e.g., about 0.180
inch) than the diameter of the hollow region 100 of the
cup 88. The flow diverter plate 116 has a central open-
ing 120 and peripheral openings 122 which allow flow
through the plate 116. The flow diverter plate 116 also
includes two (one shewn in the drawings) holes for
receiving a support means for suspending the flow di-
verter plate in the chamber of the rheometer.

The diameter of the flow diverter plate 118 of the
preferred embodiment is approximately the same as the
outer diameter of the cup 88. The flow diverter plate
118 includes an axial opening 124 through which the
rod 110 is disposed as shown in FIG. 2. The flow di-
verter plate 118 also includes slots 126 (FIG. 1) for
permitting flow of the fluid through the diverter plate
118. A hole 128 is also provided for a purpose to be
subsequently described. There are also two holes (only
one shown in FIG. 2) through which the support means
extends. |

Such support means includes two elongated members
defined in the preferred embodiment by straight rigid

tie rods 130 (an end of each is shown in FIG. 1, but only

one is shown in the section of FIG. 2). Each ngid rod
130 has one end rigidly connected to the end member 46
of the main rheometer body 34. This end is sealed by an
O-ring 132 and secured by a nut 134. The support rod
130 extends through the respective opening in the flow
diverter plate 118 and also through the respective
aligned hole in the flow diverter plate 116 as shown in
FIG. 2. The flow diverter plates 116, 118 are retained in
respective fixed positions relative to the rod 130 by

respective abutment shoulders of the rod 130 and re-

spective retaining nuts 136, 138. It is to be noted that
each support rod 130 also extends through a respective
hole 140 defined through the end member 104 of the
bob 102. Each rigid support rod 130 is disposed parallel
~ to the flexible rod 110. The rods 130 fix the flow di-
verter plates 116, 118 in the spaced parallel relationship
shown in the drawings. In the preferred embodiment,
this relationship positions both of the flow diverter
plates 116 118, as well as the interposed bob 102, be-
tween the fluid inlet/outlet ports 58 of the main rheom-
eter body 34. This is preferred because the fluid 1s
quickly forced through the sensing region. This gives an

accurate length of time for the fluid to pass through the

rheometer. Since this support means rigidly mounts the
flow diverters to the housing, any amount of fluid swirl
on either end of the bob 102 is eliminated.

The holes 140 in the end member 104 of the bob 102
are large enough to permit the needed small angular
motion that can be imparted to the bob 102 in response
to the rotational force of the cup 88 and the viscosity of
the pressurized fluid in the radial annular space between
the outer surface of the side wall 106 of the bob 102 and
the inner surface of the side wall 98 of the cup 88. The
holes 140, however, are small enough to engage the
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one having a right angle bend in it in the preferred
embodiment. One end of the member 142 is secured
directly to the end member 104 of the bob 102 similarly
to how the flexible rod 110 is connected thereto. This
includes brazing an end of the linkage member 142 to a
mount 144 that is held to the end member 104 by screws
and lock washers 146. One leg of the illustrated linkage
member 142 extends from this end connection through
the interior cavity 108 of the bob 102 parallel to the
flexible rod 110. This leg of the linkage member 142
passes through the hole 128 in the flow diverter piate
118, which hole 128 is large enough to allow for lateral
movement of the linkage member 142. The other leg of
the member 142 extends from the first mentioned leg
through the opening 64 of the rheometer body sleeve 42
and into the compartment 60 of the sensing means
mounting body 36. The end of this leg of the member

142 directly connects to a rod 148 of the LVDT. In the

preferred embodiment, the rod 148 is positioned by the
linkage member 142 four inches off the centerline or
axis of the bob 102; this results in a significant displace-
ment multiplication (i.e., the rod 148 moves farther than
the bob 102, but 1n direct relation to the movement of
the bob 102} so that the preferred embodiment has a
measuring range of approximately 2000 to 1.

As more clearly shown in FIG. 1, the rod 148 is

- connected to the linkage member 142 by nuts 150. From

this coupling, the rod 148 extends into the channel 80 of
the fluid isolation member 74. As shown in FIG. 1, the
rod 148 1s wholly contained within the chamber of the
rheometer (specifically the compartment 60 thereof).
That is, there is no mechanical pass-through of the rod
148 or the linkage member 142 outside the walls defin-
ing the pressure chamber of the rheometer. Thus, the
sensing means of the present invention does not require
any seals or bearings for its implementation or use other

- than as necessary for defining the pressure chamber

itself. .

The rod 148 of the LVDT is rigidly linked to the bob
102 in a manner such that as the bob 102 rotates, the rod
148 is moved substantially linearly within the channel

80 of the fluid isolation body 74. That is, the linkage
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rods 130 if the bob 102 tends towards being over--

rotated, such as otherwise could occur if material were
to get stuck in the radial annular space between the cup
88 and the bob 102.

The rheometer of the preferred embodiment also

includes sensing means for sensing the relatively limited
angular motion of the bob 102. The sensing means spe-
cifically includes a linear variable differential trans-
former (LVDT) and a rigid linkage member 142. The
linkage member 142 is an angle bar or rod, specifically

65

member 142 translates the rotational motion of the bob
102 to linear motion of the LVDT rod 148. Such linear
movement of the rod 148 is detected by an electrical
coil 152 of the LVDT disposed outside the fluid isola-
tion member 74 (FIG. 1). In the preferred embodiment,
the coil 152 1s connected adjacent and concentrically
about an outer surface 154 of the fluid isolation member
74 by a clamp mount 156 and set screws 158 supported
by the sub mount 82. The electrical coil 152 provides an
electrical characteristic (namely, inductance) which is
responsive to movement of the rod 148 so that an elec-
trical signal generated in response to the electrical char-
acteristic represents torque of the bob 102. Such rela-
tionship 1s known in the art. In particular, the coil 152
can be connected as part of a known oscillator circuit
wherein the generated oscillating signal has a frequency
which 1s responsive to the inductance of the coil 152
(which inductance 1s responsive to the position of the
rod 148) and which can be converted to torque of the
bob 102 knowing the particular construction of the bob
102, the rotational velocity and the flexural characteris-
tics of the rod 110 by which the bob 102 is suspended in

- the chamber of the rheometer. To so use the LVDT in

a proper manner, it first needs to be calibrated. This can
be done by adjusting the mitial position of the rod 148 in
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the channel 80 through the access ports 66 in the sensing
means mounting body 36.

The torsional bending of the rod 110 is linear with
respect to the torque; therefore, the signal produced by
the LVDT 1s linear with respect to the viscosity. As the
torque increases, there 1s a direct linear change in the
voltage output of the LVDT.

Because the LVDT sensing mechanism of the present
invention does not require seals or bearings, it can be
used with any fluid and at any pressure which the struc-
tural elements can withstand. Accordingly, the materi-
als of construction are of types known in the art suitable
for use with the particular fluids, temperatures and
pressures to be used.

A torque measuring method can be performed using
the rheometer described above. This method comprises
providing a fluid (typically a pressurized and/or heated
fluid) in the chamber defined in the housing. Such fluid
is provided to the compartments 56, 60 defining the

d

10

15

chamber by flowing the fluid through one or more of 20

the ports 58 defined in the main rheometer body 34.

The torque measuring method also comprises creat-
ing a reactive motion in the chamber in response to a
characteristic of the pressurized fluid. Using the de-
scribed rheometer, creating a reactive motion includes
rotating the cup 88 in the chamber provided with the
pressurized fluid so that the bob 102 disposed in the
chamber within the cup 88 angularly moves in response
to viscosity of fluid between the cup 88 and the bob 102.

The method further comprises moving the rod 148 of
the linear variable differential transformer in response
to the reactive motion, wherein the rod 148 1s disposed
and moved in the pressurized fluid in the chamber. In
the described embodiment, moving the rod 148 includes
rigidly linking the bob 102 and the rod 148 within the
chamber so that both the bob 102 and the rod 148 move
within the pressurized fluid in response to viscosity of
the fluid between the cup 88 and the bob 102.

The method still further comprises sensing movement
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35

of the rod 148 and generating outside the chamber an 40

electrical signal in response to the sensed movement,
wherein the electrical signal represents torque. This is
performed in the preferred embodiment as described
above (e.g., using an oscillator circuit and known nu-

merical conversion techniques).
- Thus, the present invention is well adapted to carry
out the objects and attain the ends and advantages men-
tioned above as well as those inherent therein. While
the preferred embodiment of the invention has been
described for the purpose of this disclosures changes in
the construction and arrangement of parts and the per-
formance of steps can be made by those skilled in the
art, which changes are encompassed within the spirit of
this invention as defined by the appended claims.

What 1s claimed is:

1. A rheometer, comprising:

a housing having a chamber defined therein for re-

celving a fluid;
a bob disposed in said chamber, said bob including a

435

30

Sk

side wall and an end member disposed at an end of 60

said side wall, said side wall and end member defin-
ing a cavity in said bob wherein said cavity is open
at another end of said side wall opposite said end
member; and
a flow diverter plate fixedly suspended in said cham-
ber adjacent one of said ends of said bob.
2. A rheometer as defined in claim 1, further compris-
ing another flow diverter plate, said another flow di-

65
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verter plate suspended in said chamber adjacent the
other of said ends of said bob.

3. A rheometer as defined in claim 2, further compris-
ing support means for suspending said flow diverter

plates in satd chamber, said support means connected to
said housing and said flow diverter plates and passing

through said bob.

4. A rheometer as defined in claim 3, wherein:

said bob is disposed in said chamber so that said bob
1s rotatable about an axis; and

said support means includes an elongated member
connected at an end thereof to said housing and
connected at another end thereof to one of said
flow diverter plates and intermediate said ends
thereof connected to the other of said flow diverter
plates and disposed through said bob parallel to
said axis.

S. A rheometer as defined in claim 2, further compris-
Ing a rotatable cup disposed in said chamber of said
housing, said cup having a hollow region defined
therein between a shaft end of said cup and a free end of
said cup, and wherein said bob and one of said flow
diverter plates are disposed in said hollow region and
wherein the other of said flow diverter plates is dis-
posed adjacent said free end of said cup.

6. A rheometer, comprising;:

a housing having a chamber defined therein for re-

cerving a fluid under pressure;
a cup including a shaft, a cup end wall connected to
said shaft and a cylindrical cup side wall connected
to said cup end wall, wherein said cup is mounted
in said housing so that said cup end wall and said
cup side wall can be rotated in said chamber:
a motor connected to said housing and said shaft of
said cup for rotating said cup;
a bob including a bob end member and a cylindrical
bob side wall connected to said bob end member,
sald bob disposed in said cup so that said bob end
member is parallel to said cup end wall and so that
said bob side wall is concentric with said cup side
wall;
a first flow diverter member, said first flow diverter
member disposed fixedly in said cup between said
cup end wall and said bob end member for elimi-
nating adverse end effects of fluid under pressure
adjacent said bob end member;
second flow diverter member, said second flow
diverter member disposed fixedly in said chamber
of said housing adjacent an end of said bob side
wall and an end of said cup side wall opposite said
bob end member and said cup end wall for elimi-
nating adverse end effects of fluid under pressure
adjacent said end of said bob side wall opposite said
bob end member;
means for connecting said bob to said housing so that
said bob can rotate relative to said housing; and
means for connecting said first and second flow di-
verter members to said housing.

7. A rheometer as defined in claim 6, wherein:

said means for connecting said bob includes a flexible
rod passing through said second flow diverter
member and having an end connected to an end of
satd housing and having another end connected to
said bob end member; and

sald means for connecting said first and second flow
diverter members includes a rigid rod connected to
said end of said housing and to said first and second



5,365,777

9

flow diverter members, said rigid rod passing
through said bob end member.

8. A rheometer as defined in claim 7, wherein:

said flexible rod defines an axis of rotation for said

bob relative to said housing; and

said rigid rod extends parallel to said flexible rod.

9. A rheometer as defined in claim 8, wherein:
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said housing includes spaced fluid ports through
which the fluid under pressure is communicated
with said chamber of said housing; and

- said bob and said first and second flow diverter mem-

bers are disposed between said fluid ports.

10. A rheometer as defined in claim 6, wherein:

said housing includes spaced fluid ports through
which the fluid under pressure is communicated
with said chamber of said housing; and

sald bob and said first and second flow diverter mem-

bers are disposed between said fluid ports.
* X * * %
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